Keisuke YOSHIZAWA 
Introduction
Present air conditioner systems use traditional vapor compression technology with HCFC (Hydro Chloro Fluoro Carbon). The Montreal Protocol has obliged us to carry out the staged abolition of the CFC production in order to protect the Ozone layer. The Kyoto Protocol has designated HCFC as one of the gases whose emissions are to be reduced. This requires the development of HCFC free systems or usage of substances which have little greenhouse effect. On the other hand, the demands for reduction of environmental impact and energy conservation have become more stringent. Therefore, research and development is being conducted to produce air-conditioning systems with less influence on the environment [1] .
Magnetic refrigeration technology which has the potential for high efficiency without Freon gases is a focus of attention.
The aim of this study is to development a magnetic refrigerator which has a maximum kilowatt-class cooling power and a COP (Coefficient of Performance) of over 6, utilizing the magnetocaloric effect, from the viewpoint of energy conservation of air-conditioners mounted on railway vehicles.
Magnetic refrigeration is a method utilizing the magnetocaloric effect, which is an entropy change when a magnetic material is magnetized or demagnetized. The compression and expansion processes of the gas cycle correspond to the magnetization and demagnetization processes of the magnetic refrigeration cycle, respectively. Magnetic materials play the role of the working gas of the gas cycle.
Since the heat capacity of magnetocaloric materials is large at room temperature, temperature change available for refrigeration is small. Therefore, for practical use, a stronger magnetic field is necessary to enlarge the temperature change due to the magnetocaloric effect. The working range of magnetocaloric materials is limited around its Curie point. Therefore, it is proposed that several materials which have different Curie points be used in order to obtain a wider temperature range. However it is not known sufficiently how the characteristics of magnetocaloric materials affect the magnetic refrigerator system.
In this paper, the results of the cooling capacity and power consumption of the magnetic refrigerator system using gadolinium (Gd) and La(Fe 0.84 Co 0.06 Si 0.10 ) 13 (from here on abbreviated as "LaFeCoSi") are discussed. Gd is generally used as a magnetic material at room temperature range, while LaFeCoSi is a new material which has a large entropy change compared with Gd.
Magnetic material and refrigeration cycle

Entropy change of magnetic materials
Gd and LaFeCoSi are second-order phase-transition materials which have Curie points of 293 K and 281 K respectively. The important properties are magnetic entropy change, specific heat and adiabatic temperature change. 
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of Gd mentioned in Reference [2] were used. The material properties of LaFeCoSi are compared with that of Gd. Magnetic entropy change is estimated by measuring magnetization as a function of the temperature. Figure 1 shows the temperature dependence of magnetic entropy change (0-2 T) of Gd and LaFeCoSi. Gd has a maximum magnetic entropy change of 5 J/(kg K) at around 293 K, which is the Curie point of Gd. LaFeCoSi has a maximum magnetic entropy change of 8 J/(kg K) at around 281 K, which is the Curie point of this material.
Specific heat and adiabatic temperature change
in magnetic materials Figure 2 shows specific heat of Gd and LaFeCoSi. LaFeCoSi has large specific heat compared with that of Gd. When the field changes adiabatically, the temperature change of the magnetic material is called the adiabatic temperature change.
By measuring specific heat, the temperature change can be derived from the entropy change using the following formula:
DT ad : Adiabatic temperature change, DS M : Magnetic entropy change, T: Temperature, c: specific heat Figure 3 shows the adiabatic temperature change of Gd and LaFeCoSi. The temperature change of LaFeCoSi is smaller than that of Gd due to the large specific heat of LaFeCoSi compared with that of Gd. Barclay (1981) proposed the AMR (Active Magnetic Regenerator) cycle in order to obtain a large temperature change with a small magnetic field of a permanent magnet [3] . The AMR cycle can obtain a large temperature span by "storing" the temperature change of the material, using the material as a regenerator. The AMR is thought to be the most effective method for magnetic refrigeration at room temperature. In this paper, the AMR cycle is adopted for the refrigeration cycle.
Refrigeration Cycle
The principle of the AMR cycle is shown in Fig. 4 . The temperature of magnetic materials rises with adiabatic magnetization in the first process (a). In the next process (b), the temperature incline occurs in the material because of the heat exchange with cold fluid (e.g. water). Subsequently, the temperature of the material drops while maintaining its temperature incline in the third process (c). Finally, the temperature incline is increased by exchanging heat with hot fluid in the fourth process (d). The casing of the magnetic material is called the AMR bed. 
Magnetic refrigerator
The prototype of the magnetic refrigerator has a magnetic circuit which consists of 12 fixed AMR beds (Fig. 5) and a ring-shaped Halbach-arrayed permanent-magnet assembly rotating over the AMR beds [4] . Each bed was packed with Gd or LaFeCoSi particles. Figure 6 shows the schematic of the magnetic refrigerator. The Halbach-arrayed permanent magnet is shaped like a ring, which consists of two main magnets and two sub-magnets. The main magnets hold the axial magnetic poles. The Halbach-arrayed magnet can magnetize and demagnetize the magnetic materials in the AMR beds effectively because the circumferentially-magnetized submagnets can augment the magnetic field of the poles of the main magnets.
(1) The fluid for heat exchange at the temperature of T in is transferred from the pump to the AMR beds. After exchanging heat, the fluid temperature drops. (2) The fluid absorbs the heat load "Q in " of a heater, and the temperature becomes T out . Then the fluid is transferred to the AMR beds in the process of magnetization. (3) After the fluid absorbs the heat of the magnetic material, the temperature is reset to T in by a chiller. To carry out the above cycle in each AMR bed, the flow channels of the fluid are changed by the rotary valves which are synchronized with the rotation of the magnet. The specifications of the magnetic refrigerator are shown in Table 1 .
Results of experiments
Comparing the cooling capacity
T in was set to the Curie point of each material, at 20℃ and 8℃ in the cases of Gd and LaFeCoSi, respectively. The cooling capacity is defined as the heat load of the heater. The temperature span is defined as T in -T out . The cooling capacity was measured in the condition of 0 K temperature span, in order to assess the differing characteristics of the system due to the differences in materials of Gd and LaFeCoSi. Figures 7 and 8 show the cooling capacity as a function of the volumetric flow rate of Gd and LaFeCoSi, respectively.
The cooling capacity increased with the increase of volumetric flow rate. When the number of rotations is 5 min -1 , the cooling capacity of Gd has a peak at a volumetric flow rate of 2 L/min. The heat exchange between the fluid and magnetic material increases as fluid flow through the AMR beds rises. Therefore, the cooling capacity increases up to a certain flow rate. However, since the temperature change of the fluid becomes small if the volumetric flow rate is increased, the cooling capacity decreases when the flow rate increases beyond the point of sufficient heat exchange.
In the cases of the number of rotations of 5, 10, 40 min -1 for LaFeCoSi, the cooling capacity increased in the range of 0-5 L/min. Compared with the results for Gd, the cooling capacity of LaFeCoSi is larger than that of Gd when the number of rotations is of 5 and 10 min -1 ; however, the cooling capacity is smaller than that of Gd when the number of . The rate at which the cooling capacity of LaFeCoSi increases with the rise in volumetric flow rate is smaller than that of Gd when the number of rotations is increased.
The results of the differing cooling capacities of Gd and LaFeCoSi can be understood by taking into consideration the difference in the specific heat. Because the specific heat of LaFeCoSi is larger than that of Gd, not all of the heat of the magnetic material is thought to be absorbed by the heat transfer fluid in the range of 0-5 L/min. The heat exchanging time becomes short by increasing the number of rotations because the rotations of the rotary valves are synchronized with the rotation of the magnet. In the case of LaFeCoSi as the magnetic material, the shorter the heat exchanging time in the region of low volumetric flow rate, the smaller the heat exchange. Therefore, even if the number of rotations is increased, the effect on the cooling capacity is small.
Power of the motor and pump
The power of both the motor and the pump of the system using Gd are compared with that using LaFeCoSi in Fig. 9 . The power of the motor necessary for rotating the magnet is estimated by the number of rotations and the torque. The power of the pump necessary for circulating the heat transfer fluid is estimated by the volumetric flow rate and the pressure drop. The power of the motor, irrespective of whether Gd or LaFeCoSi is used, has a constant value because the torque does not depend on the volumetric flow rate. The power of the pump using Gd is about the same level as that using LaFeCoSi.
Numerical analysis
Characteristics of the cooling capacity of the prototype
The flow rate of the system is limited to the range of 0-5 L/min because the pressure of flow rates beyond this range would exceed the pressure resistance limit of the AMR bed; therefore, the behavior of the cooling capacity is unknown for higher flow rates. The cooling capacity of Gd and LaFeCoSi when the temperature span is zero is estimated by numerical analysis. The energy balance of the magnetic material and the heat transfer fluid in the AMR are expressed in Equations (2) and (3), respectively, as follows:
The magnetic material (suffix "s"); 
The heat transfer fluid (suffix "f"); (2) and (3). Figure 10 shows the result of the calculation for Gd. In the experiments, the peak of the cooling capacity was observable only when the number of rotations was 5 min -1 . In the numerical analysis, the peak of the cooling capacity was observed when the number of rotations was 10 min -1 . Figure 11 shows the result of the calculation for LaFeCoSi. The cooling capacity of LaFeCoSi has peak values when the number of rotations is 5 and 10 min -1 . These peak values were larger than those of Gd. For the number of rotations of 40 min -1 , the cooling capacity of LaFeCoSi is larger than that of Gd. Because of the large heat capacity, LaFeCoSi can maintain its temperature span.
In Fig. 12 , the cooling capacity of Gd and LaFeCoSi are shown in contour maps, in order to compare the two magnetic materials in terms of the relationship between the volumetric flow rate and the number of rotations of The cooling capacity is large in regions of high flow rates in the cases of both Gd and LaFeCoSi. However, there is a difference between Gd and LaFeCoSi in terms of the region of the number of rotations where the cooling capacity becomes large. The number of rotations is larger in the case of Gd than in the case of LaFeCoSi. The specific heat of Gd is smaller than that of LaFeCoSi. Therefore, the heat exchanging time for Gd can be shorter than for LaFeCoSi. To obtain a large cooling capacity, a higher flow rate and a larger number of rotations are required. However, the appropriate flow rate and number of rotations should be selected in accordance with the materials.
Amount of magnetic material packed into the AMR beds
The larger the amount of magnetic material in the AMR bed, the larger the heat capacity. Therefore a large heat capacity flow of the heat transfer fluid is needed. Figure 13 shows the cooling capacity when Gd is packed in the AMR bed, in the cases of 0.75 kg and 0.375 kg. Both results show that the cooling capacity tends to increase with the increase of the volumetric flow rate. However, the number of rotations of the motor that corresponds to the cooling capacity peak in the case of 0.375 kg of Gd is larger compared with in the case of 0.75 kg of Gd (with the number of rotations being proportional to the heat exchanging time). Figure 14 shows the maximum cooling capacity per kilogram in the case of 0.75 kg and 0.375 kg of Gd. From a viewpoint of material efficiency, it is effective to increase the cooling capacity by means of the quick heat exchange of a small amount of material and the increase of the number of rotations of the magnet. 
Conclusions
Gd and LaFeCoSi were the magnetic materials packed in the AMR beds. The cooling capacity and power consumption of these materials were evaluated. Furthermore, the experimental results were supplemented and confirmed by numerical analysis.
As far as the scope of the flow rates which the experiments covered is concerned, the cooling capacity of LaFeCoSi is larger than that of Gd when the number of rotations of the magnet is 5 or 10 min -1 . However, the cooling capacity of Gd is larger than that of LaFeCoSi when the number of rotations of the magnet is 40 min -1
. The results of numerical analysis show that the cooling capacity of LaFeCoSi is larger than that of Gd in the region of high flow rates when the number of rotations is 40 min -1 . The cooling capacity of LaFeCoSi is superior to that of Gd, because LaFeCoSi which has large specific heat can maintain its temperature span. The larger the adiabatic temperature change of the magnetic material, the faster the speed of the heat exchange between the material and the fluid. Therefore, the system frequency can be increased and the efficiency improved. Because LaFeCoSi has large specific heat, it is important to examine to what extent the efficiency of the heat exchange can be improved in the case of LaFeCoSi. The numerical analysis of this work helped gain valuable perspectives on a system design that takes into consideration the characteristics of the materials.
